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The behavior of stem cells, when they work collectively, can be much more sophisticated than one might
expect from their individual programming. This Perspective covers recent discoveries about the dynamic
patterning and structural self-formation of complex organ buds in 3D stem cell culture, including the
generation of various neuroectodermal and endodermal tissues. For some tissues, epithelial-mesenchymal
interactions can also be manipulated in coculture to guide organogenesis. This new area of stem cell
research—the spatiotemporal control of dynamic cellular interactions—will open a new avenue for next-
generation regenerative medicine.Introduction: Key Roles for Noncentralized Patterning
Mechanisms in Organogenesis
Over the last decade, stem cell research has made significant
progress in various aspects of controlling cellular differentiation,
including cell-type specification and reprogramming. For
example, pluripotent stem cells can be steered to differentiate
into specific somatic cell lineages by providing cultured cells
with positional information corresponding to signals presented
during embryogenesis. Neural differentiation occurs in ESCs
when they are cultured in the absence of external inductive
signals for mesoderm or endoderm (Kawasaki, et al., 2000;
Ying et al., 2003; Watanabe et al., 2005; Smukler et al., 2006;
Chambers et al., 2009; Kamiya et al., 2011), and the regional
character of neural progenitors is specified by a combination
of embryonic patterning signals, including Shh, RA, and Wnts,
along the dorsal-ventral (DV) and anterior-posterior (AP) axes
(Wichterle et al., 2002; Mizuseki et al., 2003; Nordstro¨m et al.,
2002; Muguruma et al., 2010; Niehrs, 2010).
In the embryo, these patterning signals typically emanate from
special signaling centers. For example, an ‘‘organizer’’ is a region
that has strong inductive effects on a relatively wide area of
embryonic tissues and plays a crucial role in pattern formation
by creating morphogen gradients. Spemann’s organizer spec-
ifies the DV pattern of the gastrula embryo (De Robertis, 2009)
and the isthmic organizer in the midbrain-hindbrain boundary in-
duces the AP pattern in this brain region (Nakamura et al., 2005).
Besides their morphogen-mediated patterning activity, orga-
nizers have an important shared characteristic: they robustly
maintain their identity regardless of external environmental
influences. Classic experimental embryology has shown that
even after the appearance of some lineage-specific markers,
early neuroectoderm can be converted to alternate fates upon
being grafted to other regions. In contrast, Spemann’s organizer
maintains its identity and function even when it is grafted to the
other side of the embryo and induces a secondary axis on the
ventral side. Similarly, the isthmic organizer does not lose its
inductive nature after transplantation and can cause ectopic
formation of cerebellar tissue. In this sense, organizers are highly
‘‘dictatorial’’ and ‘‘self-sustaining’’ signaling centers that behave
autonomously. Despite a long history of organizer studies,520 Cell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc.however, a relatively small number of organizers have been
identified, totaling to fewer than a dozen in early vertebrate
embryogenesis. For an organ as elaborate as the mammalian
brain, therefore, organizers alone cannot explain how such
complex and fine patterning is achieved.
Complex pattern formation in local tissues without centralized
instructions is also observed in the generation of teratomas.
In this assay, the ability for spontaneous and stochastic differen-
tiation is commonly regarded as a hallmark of pluripotency.
However, it is worth noting that the mass of a teratoma is not
like a ‘‘meat ball’’ made up of various somatic cells scattered
throughout the tissue. Instead, the inside of a teratoma is often
compartmentalized, containing organized tissues, such as neu-
ral tissues, cartilage, and bronchiole epithelia, that are posi-
tioned randomly in relation to one another (Figure 1). Importantly,
these compartmentalized tissue structures, which are readily
recognizable by hematoxylin-eosin staining, form without cen-
tralized instructions in a context that is separate from embryonic
development (e.g., teratoma in the SCID mouse testis), suggest-
ing that pluripotent stem cells have the potential to spontane-
ously generate structured tissues to some degree. An even
more remarkable feature of mouse pluripotent stem cells is their
ability to generate a whole embryo after being injected into a
tetraploid blastocyst, which cannot otherwise develop an em-
bryo (tetraploid complementation assay; Tam and Rossant,
2003). Although these observations support the idea that plurip-
otent stem cells contain self-organizing abilities, it is not easy to
decipher how these processes unfold in vivo, where the environ-
mental signals are provided by many different sources and are
therefore too complex to analyze.
This Perspective focuses on recent studies of in vitro tissue
formation from stem cells using 3D culture. Emergence is a
term used in systems science to describe the situations in which
the structure (or function) of a whole appears to bemore than the
sum of its parts (Dobrescu and Purcarea, 2011). Self-organiza-
tion, or spontaneous formation of a highly ordered structure
from nonprepatterned elements (Camazine et al., 2001), is a
classic example of emergence. Tissue self-organization from
stem cells may be rather special, as compared to the self-orga-
nization of snowflakes or viral particles, in that the elements
Figure 1. Self-Formation of Compartmentalized Tissue Structures in Teratoma
A teratoma formed by injection of pluripotent stem cells (human ESCs) into an immunodeficient mouse testis (reproduced from Watanabe et al., 2007 and our
unpublished data). ESCs gave rise to various tissues of three germ-layer derivatives such as brain tissue (ectodermal), cartilage (mesodermal), and gut/bronchial
epithelia (endodermal). Importantly, the teratoma contains compartmentalized tissues whose identities are readily recognizable by H&E staining, demonstrating
that they convey typical morphological structures of corresponding tissues. Thus, in the testis, where central signaling centers for patterning instructions are,
mesoscopic-sized tissues can self-form from nonprepatterned ESCs.
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of differentiation. Despite this complexity, however, the forma-
tion of tissue structures is surprisingly reproducible since they
are dictated by the internal program of the cells. Progress has
been made in understanding the mechanisms of self-organiza-
tion, which is discussed in a recent review (Sasai, 2013). Here,
I will discuss various emergent aspects of ectodermal and
endodermal tissue formation in 3D stem cell culture as well as
the potential of these techniques for future applications in
next-generation regenerative medicine.
Self-Organization of Neuroectodermal Structures
Cortex and Retina
Clear evidence for the emergent nature of ESCs comes from
recent reports on the self-organizing formation of complex
ectodermal tissues in 3D culture (Figure 2A, orange box). In
particular, the self-formation of two neuroectodermal structures,
the cerebral cortex and retina, shed light on the latent intrinsic
order existing in neural progenitors derived from ESCs.
The cerebral cortex is a stratified structure, with six layers of
neurons (layers I–VI) in the neocortex (Hevner et al., 2003;
Shen et al., 2006). Layer I (the most superficial layer) contains aspecial neural cell type, Cajal-Retzius cells, which are first-
born neurons and play a role in layer formation during cortico-
genesis. The neurons of layers II–VI are born sequentially from
cortical neuroepithelial progenitors, with the cells bound for
deeper layers arising earlier (inside-out pattern). This sequential
commitment of cortical neurons involves some cell-intrinsic
mechanisms (Shen et al., 2006).
Cortical neuroepithelial progenitors, which develop in the
rostral-dorsal forebrain in vivo, can be relatively easily induced
in ESC culture, since rostral forebrain is the default differentia-
tion tendency of naive neuroectoderm. Whereas the complete
absence of growth factors that would provide positional informa-
tion induces hypothalamic progenitors, cortical progenitors can
be generated from ESC aggregates in the presence of a very low
level of growth factor signaling (e.g., by the addition of KSR to
medium; Watanabe et al., 2005). ESC-derived cortical progeni-
tors produce layer-specific neurons in a sequential manner
similar to the embryonic cortical neuroepithelium; first layer I
neurons, and then layers VI, V, IV, II/III, in that order (Eiraku
et al., 2008; Gaspard et al., 2008). More importantly, when
cortical differentiation efficiency is sufficiently high in 3D culture
(e.g., cortical differentiation in >50% of total cells), ESC-derivedCell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc. 521
Figure 2. Self-Organization of Ectodermal Tissue Structures in 3D ESC Culture
(A) Schematic of SFEBq culture (serum-free floating culture of embryoid body-like aggregates with quick reaggregation) for various ectodermal tissue generation
from ESCs/iPSCs (modified from Eiraku et al., 2008; Suga et al., 2011; Nakano et al., 2012). Typically, 3,000mouse or 9,000 human ESCs/iPSCs per well are used
tomake an aggregate in the 96-well plate that has a special surface coating to avoid cell-plate adhesion. In this culture, hollow neuroectodermal spheres self-form
from aggregates and they acquire different fates according to the culture conditions. Cortical, retinal, and pituitary tissues can form 3D structures by self-or-
ganization (orange). Cerebellar tissue generation involves secondary induction by isthmic organizer tissues that first form in the aggregate by the influence of Fgf
signals.
(B) Three basic modes of self-organization. Self-assembly is defined by spontaneous appearance of spatial arrangements in the cell populations, mostly by
selective adhesion and self-sorting. Self-patterning is defined by spontaneous emergence of spatial patterns from the nonprepatterned cell populations. It often
involves symmetry breaking. Self-driven morphogenesis is defined by spontaneous deformation of tissue structures by internal mechanisms. In self-organizing
phenomena, these three modes often work together.
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structures containing zones of layer I neurons, deep- and super-
ficial-layer neurons, and cortical progenitors (Eiraku et al., 2008;
Nasu et al., 2012). Although this self-formation of stratified
cortical structures is remarkable, the in vitro cortical tissue differs
from the fetal pattern in the apical-basal order of layers; i.e.,
ESC-derived deep- and superficial-layer neurons are located in
the reverse order compared to those in vivo, indicating that the
inside-out pattern is not completely recapitulated. In this sense,
self-organization of cortical structures in 3D ESC culture, under
the current culture conditions, is still somewhat incomplete
and presumably requires some additional modifications to fully
mimic the in vivo architecture.
Recapitulation of in vivo organogenesis is seen to an even
greater extent with retinal development in self-organizing ESC
culture, which involves an unexpected degree of self-patterning
and self-driven morphogenesis (Figure 2B). When aggregates of
mouse or human ESCs are cultured in suspension with medium
suitable for efficient retinal differentiation (typically, >40%522 Cell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc.efficacy), ESC-derived retinal epithelia evaginate to form optic-
vesicle-like structures, which subsequently undergo invagina-
tion to built optic cups (retinal anlage) without external cues or
forces (Eiraku et al., 2011; Nakano et al., 2012). As seen in the
embryo, these optic cups have two walls consisting of an outer
pigment epithelium and inner neural retina, and their sizes are
comparable to those of the embryonic optic cup in the corre-
sponding species (Nakano et al., 2012), suggesting that the
extent to which the in vivo organization has been recapitulated
is quite high.
In long-term culture, ESC-derived neural retinal tissue forms a
fully stratified retinal structure that has all six components
(photoreceptors, horizontal cells, bipolar cells, amacrine cells,
ganglion cells, and Mu¨ller glia) correctly located in layers that
correspond to their position in the postnatal retina (Eiraku
et al., 2011). In addition, synaptic zones between photoreceptors
and bipolar cells (outer plexiform layer) and between bipolar cells
and ganglion/amacrine cells (inner plexiform layer) are present
in the proper locations. In the case of mouse ESC culture, neural
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equivalent to the mouse retina on postnatal day 8, but further
maturation (e.g., development of outer segments of photo-
receptors) seems to require additional environmental factors.
One intriguing finding is that human ESC-derived neural retina
contains substantial populations of both rods and cones,
whereas mouse ESC-derived retina has very few cones (1% or
less) (Nakano et al., 2012). This disparity is consistent with a
species difference between human and mouse retina in vivo;
cones, which are essential for color vision during the daytime,
are scarce in the nocturnal mouse.
Thus, self-organization of retinal tissues in 3D ESC culture can
recapitulate many, if not all, aspects of retinal development,
which presents many opportunities for dynamic mechanistic
analyses (Eiraku et al., 2012; Sasai, 2013) as well as tissue gen-
eration for medical applications.
Cerebellar Induction by Self-Forming Isthmic Organizer
Tissue
The self-organization of cortical and optic cup structures
emerges in ESC-derived progenitors as a result of complex
local tissue interactions programmed internally. In contrast,
cerebellar development in 3D ESC culture may involve a slightly
different mode of signal interactions within the cell aggregate
(Figure 2A, green box).
During embryonic development, the cerebellar anlage arises
from the dorsal region of the rostral hindbrain (rhombomere 1),
depending on the inductive influence of the neighboring
signaling center, called the isthmic organizer (Zervas et al.,
2005; Nakamura et al., 2005). This organizer secretes patterning
molecules such as Fgf8 and Wnt1. In serum-free floating culture
of embryoid-body-like aggregates with quick reaggregation
(SFEBq) of mouse ESCs, robust differentiation (>80% efficacy)
of En2+ progenitors, representing the caudal midbrain to rostral
hindbrain regions, is observed when the cell aggregate is
transiently treated with moderately caudalizing factors (Fgf2
and insulin) (Muguruma et al., 2010). A majority of these induced
progenitors express rostral hindbrain markers, and further treat-
ment with a Hedgehog inhibitor, which dorsalizes the tissue, effi-
ciently generates cerebellar neuroepithelium (Ptf1a+/Neph3+).
Furthermore, the induced cerebellar neuroepithelia subse-
quently differentiate into cerebellar cortex neurons such as
Purkinje cells at a high frequency.
Cerebellar induction from ESCs had been attempted by
several labs (Su et al., 2006; Salero and Hatten, 2007) but the
efficiency of differentiation has been low. Why, then, is the com-
bination of insulin and Fgf2 so effective in SFEBq culture? One
possibility could be that culture with these moderate caudalizing
signals is not very specific to rostral hindbrain induction; rather,
these moderate signals may be permissive for differentiation of
broadmidbrain-hindbrain domains in the ESC aggregate. Impor-
tantly, the combination of insulin and Fgf2 can reproducibly
support the self-formation, albeit small in area, of isthmic orga-
nizer tissue (En2+/Otx2+) in culture (Muguruma et al., 2010),
which secondarily promotes the specification of cerebellar an-
lage in the rest of ESC-derived neural progenitors by emanating
the organizer signals Fgf8 and Wnt1. The self-formation of
isthmic organizer tissue in these conditions is also dependent
on Fgf8 and Wnt1 and suppressed by their inhibitors, indicating
that a positive feedback loop operates this self-driven system.A crucial advantage of employing insulin+Fgf2 treatment could
arise from avoiding direct disturbance of this autoregulatory
loop, unlike direct application of Fgf8 and Wnt1, which are the
main players of the feedback loop.
The organizer formation in this system is more or less stochas-
tic. In future studies, steering the 3D aggregate to generate such
a signaling center at a specific position and in a desired size (e.g.,
via local biases using microfluidity) could become an important
general method for manipulating the cells via secondary induc-
tion from an endogenous organizer.
Tissue-Tissue Interactions in Pituitary Self-Formation
The pituitary gland is an example of a functional endocrine tissue
that self-organizes in 3D ESC culture. During early embryogen-
esis, an adenohypophysis arises as Rathke’s pouch from the
oral ectoderm underlying the ventral hypothalamus.Mutual inter-
actions between the oral ectoderm and ventral hypothalamus
are essential for the adenohypophyseal specification (Rizzoti
and Lovell-Badge, 2005). In this sense, recapitulating pituitary
development appears to require complex coordination. Interest-
ingly, however, the conditions that enable it are quite simple after
all, because of the self-organizing nature of the system.
To recapitulate the interactions between the oral ectoderm
and hypothalamic neuroectoderm, both tissues are coinduced
in 3D culture of ESC aggregates (Suga et al., 2011). In this cul-
ture, hypothalamic differentiation is induced by culturing cells
in growth-factor-free, chemically defined medium, and oral
ectodermal differentiation is promoted by culturing in a large
aggregate, in which endogenous BMP signals are elevated to a
sufficient level for oral ectodermal induction. The coinduced
oral ectoderm and hypothalamic neuroepithelium spontaneously
form the outer and inner layers of the aggregate, respectively, by
self-assembly (Figure 2B; this self-sorting mimics the outside-in-
side order in vivo). With the addition of a Hedgehog agonist,
parts of the oral ectoderm epithelium on the surface of the
aggregate differentiate into hypophyseal placode tissues, which
subsequently invaginate to form Rathke’s-pouch-like vesicles
(Figure 2A, orange; Suga et al., 2011). The ESC-derived Rathke’s
pouch tissue subsequently generates functional endocrine cells,
such as corticotropes (producing ACTH), and when transplanted
into hypophysectomized mice, rescue hormone levels (ACTH
and glucocorticoid) and spontaneous motor activity of the
mice. These corticotropes, generated by self-organizing culture,
have two functional aspects of mature endocrine cells: selective
response to a proper stimulus (e.g., ACTH release by coticotro-
pin-releasing hormone) and homeostatic regulation by feedback
from the downstream pathway (i.e., suppression of ACTH
release by glucocorticoid), suggesting that the endocrine orga-
noid generated in self-organizing 3D culture approximates the
in vivo function (Suga et al., 2011).
An intriguing question is how far this principle of self-
organizing systems can be applied to the development of other
placodes in culture. For instance, how about the lens and otic
vesicle? Regarding otic placodal differentiation, a protocol for
efficient differentiation from human ESCs using ontogeny-
related patterning has been reported (Chen et al., 2012). The
induced otic progenitors can subsequently differentiate into
hair cells and auditory ganglionic cells. Therefore, developing
3D ESC/iPSC culture conditions for self-organizing formation
of the inner ear structure may also be possible.Cell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc. 523
Figure 3. Endodermal Tissue Formation in 3D Stem Cell Culture
Schematic of endodermal tissue formation in stem cell culture. PSC, pluripotent stem cells; DEP, definitive endodermal progenitors; FE, foregut endodermal
progenitors; HP, hepatic progenitors; PP, pancreatic progenitors; IsEP, islet endocrine progenitors; PhEP, pharyngeal endodermal progenitors; PTP, pulmonary




Recent studies have produced key advances in the development
of endodermal tissue in culture (Figure 3). For definitive endo-
dermal specification from ESCs, Activin/Nodal signals play an
important instructive role (Yasunaga et al., 2005; D’Amour
et al., 2005). Over the last several years, differentiation research
of ESC/iPSCs has been remarkably successful in controlling
endodermal differentiation into specific organ progenitors. In
particular, extensive studies have improved the induction
efficiencies for ESC/iPSC differentiation into liver and pancreas
progenitors as discussed below.
The generation of the liver bud depends on two inductive local
signals: Fgf from cardiac mesoderm and Wnt from the septum
transversum. In addition, stage-specific control of BMP4 signals
seems critical for hepatic specification (Gouon-Evans et al.,
2006). Efficient methodology for hepatic differentiation from
ESC/iPSC culture, mimicking these environmental signals
in vitro, has been reported (Gouon-Evans et al., 2006; Hay
et al., 2008; Behbahan et al., 2011). Furthermore, direct reprog-
ramming from human fibroblasts into hepatocytes has been524 Cell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc.made possible with a set of a few transcription factors (Sekiya
and Suzuki, 2011; Huang et al., 2011). There is a long history of
efforts in liver research to generate 3D structures of hepatocyte
aggregates by spheroid culture (Meng, 2010), and 3D culture
is known to produce favorable outcomes for hepatocyte
maturation. Therefore, liver development is a promising area
for future research on self-organization cultures, especially for
understanding the interactions between hepatic epithelium and
surrounding vascular and mesenchymal tissues.
The development of the pancreas is more complex, as it
originates from two separate sites, i.e., ventral and dorsal points
in the caudal foregut, which later fuse. As with hepatocyte differ-
entiation, extensive efforts over the last several years have
enabled efficient differentiation of ESCs/iPSCs into pancreatic
progenitors (Chen et al., 2009; Saito et al., 2011). From common
pancreatic progenitors, at least three distinct categories of deriv-
atives are generated: pancreatic ductal cells, exocrine acinar
cells, and endocrine islet cells. With respect to regenerative
medicine, most studies have focused on the generation of one
type of islet cell, insulin-producing b cells, and improving their
induction efficacy in ESC/iPSC culture. Despite improvements
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ESC/iPSC-derived b cells are somewhat immature and have
much lower levels of activity (insulin-releasing and glucose-
sensing activities) than primary culture tissues. This maturation
defect may be partly due to the lack of 3D information of tissue
structures in the cells. In the pancreas, Langerhans islets consist
of multiple types of endocrine cells (a, b, d, and PP cells produc-
ing glucagon, insulin, somatostatin, and pancreatic peptide,
respectively) and are functional modules that can work in a
tissue-autonomous fashion as demonstrated by islet transplan-
tation. 3D structural analyses of islets show that endocrine cells
are organized into folded trilaminar epithelial plates (Bosco et al.,
2010) that are bordered by vessels, suggesting that tissue struc-
tures may be critical for functional interactions and maturation of
these endocrine cells. A recent report using mouse cell culture
(Saito et al., 2011) seems to support this idea (also seeWoodford
and Zandstra, 2012). In murine adult islets, b cells are located in
the core region, while they are surrounded by non-b cells (partic-
ularly, a cells). A similar spatial arrangement spontaneously
emerged when mouse-iPSC-derived endocrine cells were
steered to form 3D cell clusters in culture. Importantly, these
islet-like cell clusters responded to external glucose levels
more sensitively, secreted insulin more robustly, and rescued
survival in diabetic mice upon transplantation (Saito et al.,
2011; a similar finding was also reported for ESC culture in
Wang and Ye, 2009). Therefore, it will be interesting to see
whether similar approaches, especially those incorporating
capillaries, may be successful with human ESCs and iPSCs.
The recent identification of a faithful surrogate for functional
maturation of b-cells (urocortin 3; Blum et al., 2012) may facilitate
this direction of research.
Pharyngeal Foregut Derivatives
In the early organogenetic phase of embryonic development, the
pharyngeal portion of the foregut undergoes a complex defor-
mation and gives rise to various organ buds, including those
for the trachea/lung, thyroid gland, parathyroid gland, and
thymus; the rest develops into the esophagus. Over the last
few years, advances in pluripotent stem cell culture have
improved differentiation conditions for endodermal cells, includ-
ing rostral foregut derivatives (Yasunaga et al., 2005; D’Amour
et al., 2005; Gouon-Evans et al., 2006; Borowiak et al., 2009;
Green et al., 2011; Cheng et al., 2012; Mou et al., 2012; Longmire
et al., 2012). For instance, Activin treatment (4 days) leads to
highly efficient generation of definitive endodermal and foregut
progenitors (FoxA2+/Sox2+) in human ESC culture if they are
further cultured in the presence of TGF-b and BMP inhibitors
(additional 2 days) (Green et al., 2011). These findings suggest
that it may be possible to further derive complex tissues from
pharyngeal endoderm that is induced from pluripotent stem
cells in vitro.
An interesting advance in this research direction was a recent
study that produced functional thyroid tissues frommouse ESCs
(Antonica et al., 2012). Differentiation from endodermal pro-
genitors into thyroid precursors was enhanced by Pax8 and
Nkx2-1, two transcription factors that are expressed in embry-
onic thyroid precursors. Notably, ESC-derived thyroid precursor
cells self-form epithelial follicular structures in 3D culture with
thyrotropin treatment (Figure 3). These thyroid follicles accu-
mulate colloid, exert iodide uptake and the organification ofiodine, and rescue thyroid hormone levels when grafted into
athyroid mice, indicating that self-formed thyroid follicles have
a high functionality, similar to the pituitary tissue generated in
self-organizing culture of ESCs as described above. Another
report (Longmire et al., 2012) demonstrated efficient generation
of Nkx2-1+/Pax8+ thyroid progenitors from ESCs by step-wise
differentiation with soluble factors. Therefore, it will probably
not be long before similar thyroid follicle generation is accom-
plished from pluripotent stem cells without using transcription
factors to guide differentiation.
Under the same or similar culture conditions, trachea/lung
progenitors (Nkx2-1+) are generated from mouse ESCs and
human iPSCs (Longmire et al., 2012; Mou et al., 2012). Although
in vitro self-organization phenomena have not been reported,
these Nkx2-1+ cells form hollow spheres of airway epithelia
when grafted subcutaneously in NOD/SCID mice (Mou et al.,
2012) and are capable of regenerating 3D alveolar lung struc-
tures after injection into decellularized murine lungs. These
findings suggest that ESC-derived airway progenitors have the
potential to generate tissue structures to some degree, at least
with certain environmental cues.
3D Organoid Culture from Adult Endodermal Stem Cells
The midgut mainly gives rise to the small intestine. Its surface
mucosa is covered by numerous small protrusions, called villi,
and deep pits, called crypts of Liberku¨hn, that form in the inter-
posed regions between villi. These crypts are known sites for the
production of epithelial cells (enterocytes, entero-endocrine
cells, and Goblet cells) from intestinal stem cells via transit-
amplifying cells (Carlone and Breault, 2012). The stem cell
system must be robust, since the absorptive epithelium of the
small intestine undergoes rapid cell turnover, with a life span of
several days. Recent studies have revealed that two distinct
types of intestinal stem cells maintain the crypt stem cell system
(Barker et al., 2012; Takeda et al., 2011; Tian et al., 2011): crypt-
base columnar (CBC) cells at the bottom of the pit and +4 cells,
slow-cycling stem cells that locate at position +4 from the crypt-
base center. CBC cells requireWnt signaling for their growth and
maintenance, and they express Lgr5 (Barker et al., 2007), a sur-
face receptor for theWnt signal activator R-spondin. At the crypt
base, CBC cells are wedged between large Paneth cells, which
provide a niche for the stem cells. Just above the uppermost
Paneth cells are +4 cells. Recent studies have indicated that
+4 cells may contribute to the robust homeostasis of the crypt
stem cells because CBC cells and +4 cells can generate one
another in a compensatory manner (Takeda et al., 2011; Tian
et al., 2011). For example, when CBC cells are ablated, slow-
cycling +4 cells proliferate more efficiently and support the
production of transit-amplifying cells as well as CBC cells.
Importantly, under Wnt-augmented conditions with R-spon-
din, a single Lgr5+ CBC cell can grow to generate a crypt-like
‘‘organoid’’ in 3D culture (Sato et al., 2009). The combination of
a CBC cell and a Paneth cell (providing a niche environment)
promotes the formation of an intestinal organoid even more
efficiently (Sato et al., 2011). Multiple crypt-like protrusions
form as the organoid grows in size. These structures recapitulate
the compartmental spatial arrangement of the intestinal stem-
cell zone (CBC, Paneth, +4 cells), the transit-amplifying cell
zone, and the differentiated enteric epithelium, indicating that
simple culture of a CBC cell cogenerates both the tissueCell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc. 525
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organizing fashion. Intestinal organoids can also self-form from
intestinal progenitors derived from pluripotent stem cells (Cao
et al., 2011; Spence et al., 2011). However, although crypt-like
protrusions form reproducibly, the intestinal villus structures do
not emerge in either case, suggesting that they require some
support from nonepithelial components of the submucosa. On
the other hand, since a recent short report indicated that gut-
like structures with smooth muscle layers could be produced
from embryoid body culture (Ueda et al., 2010), it is worth
attempting in the future to generate full-layered gut tissues by
self-organization.
Wnt-driven endodermal organoid culture has also been suc-
cessfully applied to Lgr5+ adult stem cells of stomach and liver
tissues with some modifications of growth factor conditions in
media (Barker et al., 2010; Huch et al., 2013). In the case of liver,
a substantial number of Lgr5+ stem cells appear near the bile
duct only after hepatic damage (e.g., with CCl4). In the presence
of strong Wnt signaling, these cells grow to form continuous
epithelia in 3D culture. In contrast, they differentiate into hepato-
cytes when cultured with Notch and TGFß inhibitors and no Wnt
agonists. Thus, 3D culture of adult endodermal stem cells en-
ables their expansion and manipulation in a context-dependent
manner.
Control of Epithelial-Mesenchymal Interactions
The examples discussed above are mostly related to self-forma-
tion or assisted formation of epithelial structures. On the other
hand, classic experimental embryology has demonstrated
numerous cases of epithelial-mesenchymal interactions that
play critical roles in early organogenetic phases. For instance,
pancreas development is known to depend on microevironmen-
tal signals from mesenchyme and blood vessels (Golosow and
Grobstein, 1962), which affect both cellular differentiation and
growth.
A recent report demonstrated that coculture with organ-
matched mesenchyme has a strong impact on proliferation
and self-renewal of human-ESC-derived pancreatic progenitors
in a stage-specific manner (Sneddon et al., 2012). Interestingly,
some primary mesenchymal lines (from embryonic or adult
pancreas) provided strong support for early definitive endo-
dermal progenitors (Sox17+), while other lines preferentially
promoted growth of pancreatic endocrine progenitors (Ngn3+),
suggesting that the match between mesenchymal cell type
and the progenitor state is critical for robust growth. When
well-matched, the coculture permitted several-million-fold
expansion of definitive endodermal progenitors and an even
greater expansion of pancreatic endocrine progenitors after
fewer than 10 passages. The latter progenitors, even after a
prolonged expansion, could give rise to functional insulin-
producing cells when grafted into the subcapsular space of the
mouse kidney, which is known to promote maturation of islet
cells. Thus, pancreas endocrine progenitors are dependent on
interactions with specific mesenchyme for sustainable develop-
ment, in contrast to gut crypts, which self-form their own niches.
Therefore, in future attempts to generate functional 3D islets in
pluripotent stem cell culture, it will be important to incorporate
mesenchyme, and perhaps blood vessels, to achieve efficient
and sustainable growth of tissues in vitro.526 Cell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc.A similar principle may be applicable to the generation and
expansion of other endodermal tissues. A recent report
described an expandable population of human-ESC-derived
endodermal progenitors, capable of generating hepatocytes,
gut epithelium, and islet cells, that expand in the presence of
growth factors (BMP4, Fgf2, EGF, and VEGF) on matrigel and
MEF feeders (Cheng et al., 2012). Therefore, it may be feasible
in the near future to identify the molecular components that
are required for the growth-supporting activity of mesenchyme,
at least for some types.
Besides their effects on cell growth, epithelial-mesenchymal
interactions are also important for creating tissue structures
such as teeth. In the embryo, epithelial-mesenchymal interac-
tions play an essential role in the specification of tooth placodes
in the oral ectoderm. Subsequently, tooth placodal epithelium
and underlying mesenchyme work together and undergo a
complex morphogenesis to form enamel epithelium and dental
papilla of the tooth germ, respectively (Mao and Prockop,
2012). This complex early development of the tooth germ can
be faithfully recapitulated in vitro, and the 3D structure of the
tooth germ self-forms from a reaggregate of oral ectodermal
cells placed next to a mass of tooth mesenchyme in collagen
gel (Nakao et al., 2007; Ikeda et al., 2009). Since bioengineered
tooth germ develops into an adult-type tooth when grafted into
mouse alveolar bone, self-driven formation of the tooth anlage
from a simple combination of two cell populations seems to be
a promising approach for replacing permanent teeth in human
adults. Toward this goal, it is certainly important to apply this
technology to ESC/iPSC culture. It could be more technically
challenging to induce differentiation of proper tooth mesen-
chyme than oral ectoderm, given that the nature (e.g., marker
profile) and complexity of this specific mesenchyme is not well
known. In general, controlled specification of particular mesen-
chyme will be central to future investigations in both basic
embryology and applied stem cell technology.
Perspectives for Future Medical Applications
As discussed above, recent studies have demonstrated the
importance of understanding stem cell populations as ‘‘multicel-
lular societies’’ in the spatiotemporal or four-dimensional (4D)
context (Figure 4). Manipulating dynamic collective behaviors
of the ‘‘society’’ is key to the tremendous advances witnessed
in stem cell technology and its applications in next-generation
regenerative medicine using functional tissues that mimic in vivo
situations. The philosophy driving this research is a view that
a complex biological phenomenon can be understood as an
emergent property of multiple structural dynamics that result
from relatively simple local interactions (cell-cell, tissue-tissue).
Such an emergent property should also play a role in many as-
pects of in vivo organogenesis, but may not be easily recognized
or analyzed because of the complex local environment in the
embryo. Overall, I predict that in vitro approaches using self-
organizing stem cell culture will provide critical information about
dynamic local interactions during emergent organogenesis, in a
complementary manner to in vivo study.
For middle-term goals, several important achievements would
be expected if 4D stem cell biology is properly promoted and
applied. Retinal transplantation is a clear practical area for
such application. There are three major categories of retinal
Figure 4. Manipulation of Multiplex Intercellular Interactions
In 3D self-organizing culture, progenitors induced by differentiation conditions (e.g., neural induction and retinal positional information) undergo multiple cellular
interactions. These local interactions start to build up emergent collective behaviors leading to self-organization of complex structures as a whole. Future studies
of 4D stem cell biology should aim at controlling these complex cellular interactions, and thereby manipulating the characteristics in emergent phenomena such
as pattern, shape, and size. A long-term goal may be a synthesis or de novo design of novel types of miniorgans. Emergence biology is certainly an attractive new
field of biology that is also relevant to many areas of life sciences beside stem cell biology.
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Perspectivediseases in which specific components of the tissue degenerate:
macular degeneration (MD), retinitis pigmentosa, and glaucoma.
In MD, retinal pigment epithelium (RPE) gradually degenerates
by age (age-related MD) or exhibits serious dysfunction due to
a genetic disorder, leading to secondary impairments of photo-
receptors. With respect to the main mode of RPE dysfunction,
MD can also be classified into two subtypes: dry and wet. In
dry MD, the supporting function of RPE for photoreceptor main-
tenance and survival is impaired. In this case, it may be possible
to recover function by incorporating some young RPE cells,
derived from stem cells, into the host RPE, without total tissue
replacement. This type of cellular therapy with ESC-derived
dissociated RPE cells is currently being tested in clinical trials
(Schwartz et al., 2012). Wet MD, by contrast, involves a severe
impairment of the barrier function of RPE, which normally pre-
vents blood vessels from leaking fluid (or blood) into the macula
region, thereby protecting photoreceptors from damage. In or-
der to recover this barrier function, an en block replacement of
RPE tissue in this region with healthy RPE tissue is thought to
be necessary, either by grafting RPE sheets or by introducing
engineered RPE cells that quickly self-form epithelial structures
in situ after grafting.
Stem cell therapy for retinitis pigmentosa, in which photore-
ceptors (typically rods) are gradually lost over years, presentsa greater challenge. A large variety of gene mutations that impair
photoreceptor function have been shown to cause this retinal
degeneration. Recent transplantation studies using ESC-derived
photoreceptors (grafted as dissociated cells) have demon-
strated that exogenously delivered photoreceptors can be
integrated into the host retina and contribute to its functional
recovery, at least to some extent, in rodents (Pearson et al.,
2012). However, since photoreceptors, particularly in the human
retina, are confined to a specific zone with a high cell density in a
highly ordered manner, it is not simple to substantially improve
vision in the patient with sparse integration of photoreceptors.
A great advantage of self-organized neural retina from ESCs is
that photoreceptors form a dense cell layer with a highly ordered
orientation (this requires proper interactions between photore-
ceptors and Mu¨ller glia). Neural retinal sheet transplantation
has been shown to work, at least with rodent fetal retina in which
engrafted photoreceptors can make connections to the neural
networks in the host retina (Seiler et al., 2010). Therefore, it will
be important to test whether human ESC/iPSC-derived neural
retina, in the form of a retinal sheet, can be used for transplanta-
tion into the primate retina and make functional connections. In
addition, it will be important to elucidate which maturation stage
of neural retinal tissue may be most suitable for this purpose.
Since an efficient cryopreservation method for developingCell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc. 527
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Perspectivehuman ESC-derived neural retina has been established (Nakano
et al., 2012), it seems feasible that once such a stage is
determined, a large stock of frozen neural retina will be used
for shipping directly to hospitals for transplantation in the future.
Whether ESCs or iPSCs prove to be more suitable for this
purpose remains to be tested. Neural retina, which is known to
cause low levels of rejection, similar to neurons in the brain,
probably does not require HLA matching for successful trans-
plantation.
Gut organoids are another candidate self-organized tissue
for use in transplantation therapies. It was recently shown that
intestinal ‘‘organoids,’’ expanded from Lgr5+ colon stem cells,
could be used for functional transplantation into the mouse
colon epithelium (Yui et al., 2012). This ability unlocks the future
possibility of treating intractable ulcers in inflammatory bowel
diseases with gut epithelial organoids from autologous adult
stem cells or those generated from human iPSCs in 3D culture
(Spence et al., 2011). In addition, gut organoids will be useful
for modeling the pharmacodynamics of drugs in humans. For
instance, it is well known that certain pairs of oral drugs interfere
with one another in their absorption through the intestinal
epithelia, and potential interactions could be investigated using
gut organoids.
Transplantation therapy of endocrine tissues is also a prom-
ising area of technical development. In addition to pancreatic
islets for type I diabetes therapy, functional pituitary and thyroid
tissues have been shown to self-form from mouse ESCs. Trans-
lation of these methods for human pluripotent stem cells should
not take long. In the case of pituitary transplantation, a technical
challenge may be the restoration of local blood circulation, since
hypothalamus-derived releasing factors are delivered to adeno-
hypophyseal hormonal cells via special blood vessels called
hypopheseal portal veins. In light of these complexities, it seems
that thyroid tissues, which depend on systemic TSH hormones
for releasing control, could be easier to transplant.
3D self-organization culture is conceptually very different from
conventional tissue engineering (Woodford and Zandstra, 2012),
which forces cells to form structures using artificial scaffolds.
Instead, 4D stem cell biology aims at spontaneous generation
of complex tissues according to cells’ own internal programs.
Given the natural program at work in these tissues, transplanta-
tion of these self-organized tissues could be superior in function-
ality, tissue integration, maintenance, and survival as well as
purity. At least one indication of this functionality is that no tera-
toma formed in transplantation of self-organized human retina
into SCID mouse testes (Nakano et al., 2012). These aspects
should be advantageous for future therapeutic applications in
regenerative medicine. In the case of genetic disorders, these
tissues can be grafted in combination with gene therapy at the
tissue level. In addition, self-organizing tissues with high func-
tionality may be useful for drug screening as well as developing
personalized medicine, especially with patient-specific iPSCs.
In vitro disease modeling, using patient-specific iPSCs, should
also be an important application of self-organizing stem cell
culture.
On the other hand, the self-organization culture approach and
conventional scaffold-based tissue engineering are not mutually
exclusive. For instance, blood vessel formation in self-organized
tissues such as ESC-derived pituitary tissues may be promoted528 Cell Stem Cell 12, May 2, 2013 ª2013 Elsevier Inc.by the growth-factor-based engineering employed in conven-
tional approaches. In addition, different types of self-organized
tissues could be conjugated by scaffold-based methods.
Practically speaking, however, it is not possible to generate
large whole organs such as liver and kidney by self-organization
in 3D stem cell culture. What can be done in culture is the fabri-
cation of tissue modules (e.g., pancreatic islets and hepatic
lobules) in a precise manner according to the internal program.
A critical lesson from the recent studies discussed in this
Perspective is that this emergent nature of stem cells does
much more than what we have expected, forming not only one
type of module but also interlinked structures composed of
multiple modules such as an optic cup. The variety of unitary
tissue modules that could be generated by self-organization
in vitro presumably includes those organ buds (and complex
tissues) found in teratomas (naturally occurring ones and ESC-
derived ones). For instance, naturally forming teratomas some-
times contain fully grown teeth and hairs. These tissues should
form through cellular interactions within the tumor. It therefore
seems logical to conclude that they could also be generated
by self-organizing culture of pluripotent stem cells under certain
conditions in vitro. A caveat to consider is that, however,
it remains to be understood whether organ-bud formation in
teratomas simply depends on local interactions or if it involves
some kind of special organizing center or centers that form
earlier. If the latter case is true, then one should make efforts
to proactively induce such a signaling center in ESC culture for
efficient generation of the complex tissue in the aggregate, as
exemplified by isthmic organizer induction in cerebellar differen-
tiation from ESCs (Muguruma et al., 2010).
To effectively manipulate the multicellular society of stem cells
efficiently and to make the best use of it, further understanding
of cytosystems dynamics and its emergent properties (Sasai,
2013) is absolutely essential (Figure 4). In particular, multiscale
dynamics of cellular interactions will become crucial. A great
advantage of 3D stem cell culture is that one can observe all
the processes of self-organization under the microscope (e.g.,
via two-photon optics; Eiraku et al., 2011), unlike the organoge-
netic process in vivo. In addition, 3D stem cell culture is suitable
for synthetic approaches. Since recent progress in fast gene
editing enables multigene modifications or replacement in
ESCs, many interaction parameters and rules may be radically
manipulated. A long-term goal is to modulate these interactions
artificially to design self-organization of complex tissues at one’s
command (Figure 4). I personally believe that ‘‘emergence
biology’’ of stem cells may, in the long run, allow us to produce
totally new or substantially more functional tissues that are
superior to our tissues for transplantation—a perspective of
mine for next-generation regenerative medicine.REFERENCES
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